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We employ density functional theory plus dynamical mean field theory and identify the physical
origin of why two layers of SrVO3 on a SrTiO3 substrate are insulating: the thin film geometry lifts
the orbital degeneracy which in turn triggers a Mott-Hubbard transition. Two layers of SrVO3 are
just at the verge of a Mott-Hubbard transition and hence ideally suited for technological applications
of the Mott-Hubbard transition: the heterostructure is highly sensitive to strain, electric field, and
temperature. A gate voltage can also turn the insulator into a metal, so that a transistor with ideal
on-off (metal-insulator) switching properties is realized.
PACS numbers: 71.27.+a, 71.30.+h, 73.40.-c
In the last years, there has been tremendous experi-
mental progress to grow oxide heterostructures atomic-
layer by atomic-layer, brought about by modern depo-
sition techniques such as molecular beam epitaxy and
pulsed laser deposition. A key experiment has been the
discovery that a two dimensional electron gas (2DEG)
with high mobility is created at the interface of two
band insulators, LaAlO3 and SrTiO3[1]. This raised the
hope that oxide heterostructures might substitute con-
ventional semiconductor electronics one day, at least for
specific applications [2, 3]. Oxide electronics is however
still in its infancy compared to the matured field of sili-
con electronics. Particularly promising are transistors at
the scale of 2nm [4], solar-cells [5–7], and the possibil-
ity to generate spin-polarized currents [8]. Last but not
least, there is high hope that strong electronic correla-
tions make a difference to conventional semiconductors
and give rise to new phenomena [9–11].
However, many oxide heterostructures, including the
LaAlO3/SrTiO3 prototype, actually do not show strong
electronic correlations. Since electronic correlations are
weak, bandstructure calculations on the basis of density
functional theory (DFT), e.g., within the local density
approximation (LDA)[12], or even a tight binding mod-
elling [13] are sufficient: Such calculations well reproduce
or predict experiment, e.g., angular resolved photoemis-
sion spectra [14–16]. A heterostructure where electronic
correlations do play a decisive role is, on the other hand,
SrVO3/SrTiO3. In the bulk, SrVO3 is a correlated metal
with a moderate renormalization ∼ 2 of the bandwidth
[17–19] and a kink in the energy-momentum dispersion
[20–22]. SrVO3 has been widely employed [17, 21, 23–
25] as a testbed material for LDA+dynamical mean field
theory (DMFT) calculations [26–29]. Quite surprisingly,
recent experiments [30] have found that two layers of
SrVO3 grown on a SrTiO3 substrate are insulating in-
stead [31]. On the basis of the one band Hubbard model
it has been argued [30] that the reduced bandwidth of
the thin film is responsible for the Mott insulating state.
In this letter, we present realistic DFT+DMFT calcu-
lations and pin point the origin of the insulator to the
orbital splitting of the orbitals, caused by the reduced
symmetry of the ultrathin film. The reduced bandwidth
and the enhanced Coulomb interaction of the thin film do
not play the key role. Our calculations demonstrate the
high sensitivity of SrVO3 films. A Mott-Hubbard metal-
insulator transition can be triggered by small changes of
temperature, (uniaxial) pressure, a capping layer, and an
electric field. This makes the SrVO3/SrTiO3 heterostruc-
ture most promising for applications as sensors or as a
Mott transistor with a gate voltage controlling the Mott-
Hubbard transition.
Method. We perform DFT+DMFT calculations for
two layers of SrVO3 on a substrate given by four unit cells
of SrTiO3 and a sufficiently thick vacuum of 10A˚ along
the z direction. We fix the in-plane (x-y plane) lattice
constant to the calculated equilibrium bulk value of the
substrate aSrTiO3 = 3.92A˚, and optimize the internal co-
ordinates. The DFT calculations are performed using the
all-electron full potential augmented plane-wave method
of the Wien2K package [32] with the generalized gradi-
ent approximation (GGA) potential [33] and a 10×10×1
k-point grid.
The DFT states near the Fermi-level are mainly
of Vanadium t2g orbital characters, which are well-
localized and exhibit strong correlations beyond DFT
and DFT+U. To properly include the correlation effects,
we first perform a Wannier projection onto maximally lo-
calized [34] t2g orbitals, using the wien2wannier package
[35]. We supplement this t2g Hamiltonian constructed
from DFT by the local Kanamori Coulomb interaction,
given by the intra-orbital interaction U , the inter-orbital
(averaged) interaction U ′ and the Hund’s exchange and
pair-hopping J ; for the Hamiltonian see [36]. For U ′ we
take the calculated constrained LDA value U ′ = 3.55 eV
[17, 21] and for the Hund’s exchange a reasonable value
for early transition metal oxides: J = 0.75 eV. Note that
constrained LDA tends give too large estimates for J , see
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FIG. 1: Layer-resolved spectral function of two SrVO3 films
grown on SrTiO3 in DFT (left) and DFT+DMFT at room
temperature (right). The dashed line in the second layer
shows the SrVO3 bulk DFT and DFT+DMFT spectrum.
the discussion in [27]; U = U ′+2J by symmetry. For the
DMFT calculations we use the w2dynamics package[36],
which is an implementation of continuous-time quantum
Monte Carlo (CT-QMC) in the hybridization expansion
[37]. We employ the maximum entropy method [38] for
the analytical continuation of the spectra to real frequen-
cies. All DMFT calculations are at room temperature if
not stated otherwise [29].
DFT+DMFT results for SVO/STO. Fig. 1 shows the
DFT and DFT+DMFT spectrum for two layers of SrVO3
on a SrTiO3 substrate, as well as bulk SrVO3 for compar-
ison. Without electronic correlations, i.e., within DFT,
the xy-states are showing (almost) the same spectrum as
for the bulk. These states have their orbital lobes within
the xy-plane and can be well modeled with a nearest
neighbor hopping that is only in-plane [13]. Hence, the
confinement along the z-axis has little effect. The yz-
states (and by symmetry the xz-states) have a nearest
neighbor hopping along the z-axis, which is cut-off by
the vacuum and the insulating SrTiO3 substrate [13]. As
a consequence these states become more one-dimensional
(y-axis hopping only) and the yz-bandwidth is reduced.
The yz-bands are also pushed up in energy since break-
ing the cubic symmetry leads to a crystal field splitting
∆=0.18eV between xy and yz (xz) states.
This lifting of the orbital degeneracy has dramatic con-
sequences when electronic correlations are taken into ac-
count. Indeed it is the physical origin of why thin SrVO3
films are insulating. The right panels of Fig. 1 show
the DFT+DMFT spectra, the DMFT self energies are
given in the Supplementary Material. For the topmost
(surface) layer, we see that electronic correlations fur-
ther push the yz- (and xz-) states up in energy, they are
essentially depopulated. That means on the other hand
that the xy-states are half-filled. Because of this effective
one band situation and the relatively large intra-orbital
FIG. 2: Mott-Hubbard transition as a function of interaction
U
′; the grey shaded region indicates the estimated values of U ′
[41]. (a): Spectral function around the Fermi level A(ω = 0)
– layer and orbitally resolved. (b): Orbital occupation. (c):
Intra-orbital double occupation.
Coulomb interaction U , the xy-states are Mott-Hubbard
split into an upper and lower Hubbard band. The SrVO3
film is a Mott insulator. With the surface layer being in-
sulating, also the second layer becomes a Mott insulator,
albeit here the difference between xy and yz population
is much less pronounced. Let us emphasize that due to
the DMFT self-consistency also a more insulating sec-
ond layer feeds back into an even more insulating surface
layer.
This mutual influence can be inferred from Fig. 2 (a),
which shows that both layers get insulating at the same
interaction strength. Here, A(0) ≡ βG(τ=β/2)/pi can
be calculated directly from the CT-QMC data without
analytic continuation (β = 1/T is the inverse temper-
ature); A(0) is the spectral function around the Fermi
level averaged over a frequency interval ∼ T . The or-
bital occupations niασ = 〈c
†
iασciασ〉 of the two layers i
and orbitals α in Fig. 2 (b) reflect what we have already
qualitatively inferred from the spectra in Fig. 1: the sur-
face layer becomes fully orbitally polarized, whereas the
second layer shows only small differences in the orbital
occupation. We did not observe any spin ordering in
DMFT. Fig. 2 (c) shows how the normalized double oc-
cupation Diα = 〈c
†
iα↑ciα↑c
†
iα↓ciα↓〉/(niα↑niα↓) drops at
the Mott-Hubbard transition. The constant behavior of
the surface layer yz orbital is simply due to the normal-
ization (numerator and denominator become extremely
small).
Altogether, Figs. 1 and 2 show the typical behavior
3of a Mott-Hubbard transition in a multi-orbital system
which is controlled by the ratio interaction-to-bandwidth
and the orbital splitting. The latter is further en-
hanced by electronic correlations and is crucial for the
doping-controlled Mott-transition in, e.g., (CrxV1−x)2O3
[39, 40]. Fig. 2 also shows that, while the two-layer
SrVO3 film is insulating, it is just on the verge of an
insulator-to-metal transition. As we will see below, this
makes the SrVO3/SrTiO3 heterostructure prone to small
changes of the environment such as changing tempera-
ture, pressure or applying an electric field. Before turning
to these interesting aspects, let us however first discuss
the physical origin behind the dramatic changes from
SrVO3 bulk to SrVO3 thin films.
Physical origin of the Mott-Hubbard transition. By
performing a number of additional calculations we have
been able to identify the orbital symmetry breaking as
the physical origin behind the dramatic difference be-
tween insulating SrVO3 films and metallic SrVO3 bulk.
In Ref. [24, 30] the reduction of the bandwidth due to
cutting off the hopping perpendicular to the thin films
(or surfaces) has been held responsible for the enhanced
correlation effect and even the Mott-Hubbard transition.
We calculated this effect: the reduction in bandwidth
for the yz orbital is 20% and essentially zero for the xy
orbitals. Following this picture, one would expect an
enhanced yz-orbital occupation [24], which is clearly op-
posite to our findings.
Another possibility which also changes the interaction-
to-bandwidth ratio is an increased Coulomb interaction.
Often it is argued that the reduced screening at the sur-
face enhances the Coulomb interaction and makes the
surface layers more insulating. To quantify this effect, we
have performed constrained random phase approxima-
tion (cRPA) calculations [41]. This was numerically not
possible for the full heterostructure structure, but only
for two freestanding SrVO3 layers. The cRPA interaction
of the SrVO3 film is on average ∼ 10% larger than for
the bulk (see Supplementary). This overestimates how-
ever the enhancement of the Coulomb interaction, since
the screening of the SrTiO3 substrate is disregarded in
our simplified calculation. As the screening stems from
a large energy window in which the differences between
SrVO3 and SrTiO3 are less relevant, a rough estimate
is hence that the actual heterostructure has a 5% larger
interaction strength than the bulk (vacuum on one side
instead of two should roughly halve the effect).
Even when combining the reduced bandwidth and en-
hanced Coulomb interaction, this effect is by far insuffi-
cient to make SrVO3 insulating: our DFT+DMFT cal-
culations (not shown) still give a metallic phase for bulk
SrVO3 if the ratio interaction-to-bandwidth is overall in-
creased by 70%.
Instead, the key for the insulating nature of SrVO3
films is the orbital symmetry breaking, given by the crys-
tal field splitting and also the different bandwidths of
the xy and yz (xz) orbitals. The combination of both
results already at the DFT level in a slightly different or-
bital occupation. Electronic correlations largely amplify
this orbital polarization, see Fig. 2. With the depopula-
tion of the yz states, the surface SrVO3 layer effectively
becomes a one-(xy-)band system; and such a one-band
system is Mott-insulating already at a much smaller in-
teraction strength. Let us note that the lifting of the
orbital symmetry was considered in Ref. [30] as a pos-
sible source for the observed deviations between theory
and experiment and as a means to reduce the critical
U ′. But it was not regarded as the primary origin of the
Mott-Hubbard transition.
Surface shift of the lower Hubbard band. Let us also
emphasize the peculiar differences between surface and
second layer in Fig. 1. Besides the difference in occu-
pation already discussed, also the position of the lower
Hubbard band is shifted upwards by 0.5 eV in the surface
layer; its weight and sharpness are enhanced. This effect
might actually explain the disagreement between photoe-
mission spectroscopy (PES) and DFT+DMFT [17, 42]
regarding the position of the lower Hubbard band. As
PES is surface sensitive, the surface layer will contribute
strongly to the PES signal. In the Supplementary Mate-
rial, we confirm that shift and sharpening are a general
trend also observed for more (four) SrVO3 layers, and
simulate PES spectra for different penetration depths.
Including this surface effect leads to a better agreement
with bulk PES (see Supplementary Material). A 20%
upwards shift and 10% narrowing of the lower Hubbard
band in the surface layer has also been reported experi-
mentally [43]. Let us note in passing that there is also a
layer-dependence of the quasiparticle weight in the metal-
lic (more layer) case [10].
Application as a sensor. There has been a long quest
to make use of strongly correlated electron systems and
their huge responses upon small changes of the environ-
ment. As we have seen above, two layers of SrVO3 are
insulating but on the verge of an insulator-to-metal tran-
sition. Hence this heterostructure is highly susceptible to
the most dramatic electronic response possible: from a
perfect insulator to a perfect metal. We have identified
several mechanisms that will trigger this phase transi-
tion:
(i) Due to its higher entropy, the insulating state is more
stable at higher temperatures. We have tested this hy-
pothesis by additional calculations at 200K: Fig. 3 (a)
confirms that the heterostructure switches to a metal.
(ii) There is a sensitivity to pressure (which increases the
bandwidth and hence controls the ratio of interaction-to-
bandwidth) and uniaxial strain (which controls the im-
portant splitting between the xy- and yz-orbital). In Fig.
3 (b) we test the effect of the latter by applying a small
compressive strain, i.e., decreasing the in-plane lattice
constant by 0.5%. We see that compressive strain turns
the SrVO3 layers metallic.
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FIG. 3: The insulating SrVO3/SrTiO3 heterostructure is at
the edge of a Mott-Hubbard transition and hence prone to
small changes of the environment. (a) Decreasing temper-
ature, (b) a compressive strain, (c) one capping layer of
SrTiO3 and (d) an electric field (or gate voltage) switch
SrVO3/SrTiO3 from an insulator to a metal. The Figure
shows the spectral functions A(ω) which in all four cases de-
velops a peak at the Fermi level in both SrVO3 layers.
(iii) Molecules on the surface also influence the electrical
behavior, and the heterostructure might be employed as
a chemical sensor. We have not investigated the myriad
of possibilities. However, one capping layer of SrTiO3 on
top of the SrVO3 layers switches the oxide heterostruc-
ture metallic, see Fig. 3 (c). An insulating SrTiO3 cap-
ping layer might also serve to protect the SrVO3 layers.
In this case, the heterostructure is metallic but can be
turned insulating upon increasing temperature or by ap-
plying a tensile strain.
(iv) Fig. 3 (d) shows that also an external electric field
of 0.01 V/A˚ triggers the insulator-to-metal transition in
the SrVO3/SrTiO3 heterostructure. This corresponds to
a gate voltage of 0.08V across the two SrVO3 layers.
Since the Mott-Hubbard transition is an abrupt phase
transition, it is ideally suited to provide a clear on (metal)
and off (insulator) signal. This signal would indicate that
a certain temperature, strain or electric field has been
exceeded. On the other hand one can employ the electric
field effect to counterbalance the external parameters.
This way also quantitative measurements will be possible.
Application as Mott transistor. Thanks to the elec-
tric field (or gate voltage) effect, the SrVO3/SrTiO3 het-
erostructure can also serve as a Mott transistor in oxide
electronics. In this respect, on (metal) and off (insula-
tor) are much better separated than in semiconductor
transistors, where the change in conductivity with ap-
plied gate voltage is much more gradual than the abrupt
Mott-Hubbard transition. In this context, note the con-
siderable experimental efforts to destabilize the (Mott
or Peierls) insulating state of bulk VO2 by an electric
field [44, 46]. Recent reports of a field-controlled metal-
insulator transition using electrolyte gating [44] have
however been put into question as being caused by field-
induced oxygen vacancies [45]. The SrVO3/SrTiO3 het-
erostructure is more promising and better suited for ac-
tual electronic devices.
Conclusion. We have shown that the physical ori-
gin of the insulating nature of two layers of SrVO3 on
a SrTiO3 substrate is the orbital symmetry breaking and
polarization, not the change of the bandwidth as previ-
ously assumed. The SrVO3/SrTiO3 heterostructure is at
the tipping point of a Mott-Hubbard insulator-to-metal
transition. Small changes in temperature, strain, electric
field or a capping layers will tip the heterostructure to a
metallic behavior. This can be technologically employed
in form of sensors or as a Mott transistor, which actually
might form the basis for future oxide electronics.
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